Temperature is a strong driver of vector-borne disease transmission. Yet, for emerging 2 7
Introduction
(ZIKV-exposed or control) and the interaction as fixed factors, with mosquito batch nested 1 3 5 within experimental replicate as a random factor. 1 3 6 1 3 7 Mechanistic R 0 model 1 3 8
In previous work, we assembled trait thermal response estimates from laboratory 1 3 9 experiments that manipulated temperature and measured each of the following traits for Ae. 1 4 0 aegypti and DENV: egg-to-adult development rate (MDR), survival probability (p EA ), fecundity 1 4 1 (EFD; eggs per female per day), biting rate (a), adult mosquito mortality rate (μ), extrinsic 1 4 2 incubation rate (EIR), and vector competence (bc; equal to the proportion of exposed mosquitoes 1 4 3 that become infected times the proportion of infected mosquitoes that become infectious, with 1 4 4 virus in their saliva). We then synthesized them into an estimate for the thermal response of R 0 , 1 4 5 the expected number of new cases generated by a single infectious person or mosquito 1 4 6 introduced into a fully susceptible population throughout the period within which the person or 1 4 7 mosquito is infectious [8]: 1 4 8
where r is the human recovery rate, T is environmental temperature, and T attached to a 1 5 1 parameter indicates that the parameter is dependent on temperature. Here, we update three of 1 5 2 these thermal response functions-average adult mosquito lifespan (lf=1/μ), extrinsic incubation 1 5 3 rate (EIR), and vector competence (bc) -using the new experimental data from Ae. aegypti 1 5 4 1 7 0 Results 1 7 1
We found significant effects of temperature, days post-infection (dpi), and the interaction 1 7 2 on the number of mosquitoes that became infected (ZIKV-positive bodies), that disseminated 1 7 3 infection (ZIKV-positive legs and heads), and that became infectious (ZIKV-positive saliva). We 1 7 4 also found significant effects of temperature, dpi, and the interaction on the overall transmission 1 7 5 efficiency of ZIKV. Finally, these effects translated into significant effects of temperature on R 0 , 1 7 6 1 0 or predicted risk of transmission for ZIKV, which differed from previous estimates generated 1 7 7 from DENV specific models. 1 7 8 1 7 9
The effect of temperature on ZIKV infection and infection dynamics 1 8 0
We observed strong, unimodal effects of temperature on the number of mosquitoes 1 8 1 infected, with disseminated infections, and that became infectious (Table 1, Fig 1) . While all 1 8 2 three response variables dropped at both cool and warm temperatures, this decrease was more 1 8 3 pronounced as the infection progressed (Fig 1) . For example, the likelihood of becoming infected 1 8 4 was the most permissive to temperature variation, with the number of infected mosquitoes 1 8 5 minimized at 16°C (6%), maximized from 24°C-34°C (75% -89%), and again minimized at 1 8 6 38°C (7%). The likelihood of viral dissemination was more constrained, with numbers of 1 8 7 mosquitoes with disseminated infections minimized at 16-20 o C (4% -3%), maximized at 28-1 8 8 34 o C (65% -77%), and again minimized at 38 o C (5%). Finally, the likelihood of mosquitoes 1 8 9
becoming infectious was the most sensitive to temperature, with the numbers of infectious 1 9 0 mosquitoes minimized from 16-24 o C (0%-4%), maximized between 28-34 o C (23%-19%), and 1 9 1 again minimized from 36-38 o C (5%-0.4%). We also observed a significant effect of temperature 1 9 2 on the rate that virus disseminated through the mosquito and could be detected in saliva 1 9 3
(temperature x day, Table 1 , Fig 2) . In general (with the exception of 36°C and 38°C), we 1 9 4 observed increases in the numbers of mosquitoes with ZIKV positive bodies, legs and heads, and 1 9 5 saliva with time ( Fig 2) suggesting that the time at which ZIKV was detected in these samples 1 9 6 decreased with increasing temperature. At 36°C and 38°C, we see declines in these response 1 9 7 variables over time due to high mosquito mortality. 1 9 8
The effects of temperature on ZIKV dissemination efficiency 2 0 0
We observed significant effects of temperature, dpi, and the interaction on the overall 2 0 1 dissemination efficiency of ZIKV. ZIKV dissemination efficiency was maximized from 28 -2 0 2 34°C suggesting that ZIKV escape from the midgut and salivary gland invasion was most 2 0 3 efficient at these temperatures (Fig 3) . In contrast, dissemination efficiency was minimized at 2 0 4 both cooler (16 -20°C) and warmer temperatures (38°C). Interestingly, cooler temperatures had 2 0 5 a more dramatic effect on dissemination efficiency relative to warmer temperatures. For 2 0 6 example, although 60% of exposed mosquitoes became successfully infected at 20°C, we had 2 0 7 very low salivary gland invasion, with only one mosquito across both trials becoming infectious. 2 0 8
In contrast, at warm temperatures infection and dissemination efficiencies were very robust ( Fig  2  0  9 S2), but the mortality associated with the warm temperatures resulted in low numbers of 2 1 0 mosquitoes that were capable of being infectious. Finally, of those successfully infected, we 2 1 1 observed successful salivary gland invasion to occur earlier in the infection process as 2 1 2 temperatures warmed (Fig 3) . The effect of temperature on mosquito survival 2 1 5
We observed significant effects of temperature and an interaction between temperature 2 1 6 and ZIKV exposure on the daily probability of mosquito survival ( Fig S3, Table 3 ). Overall, the 2 1 7 daily probability of mosquito survival was highest for mosquitoes housed at 24°C and 28°C 2 1 8 relative to cooler (16 -20°C) and warmer (32 -38°C) temperatures. Mosquito survival was 2 1 9 lowest at the warmest temperature of 38°C, with no mosquitoes surviving past 3 dpi. ZIKV-2 2 0 exposed mosquitoes experienced a higher daily probability of survival at 24°C and 28°C relative 2 2 1 to unexposed, control mosquitoes with greater than 90% survival at the optimal temperatures. 2 2 2 1 2 2 2 3
The effect of temperature on ZIKV transmission risk 2 2 4
Trait thermal responses for lifespan, vector competence, and extrinsic incubation rate 2 2 5 were all unimodal ( Fig 4, Table 1 SI, Fig S4) . Mosquito lifespan and vector competence thermal 2 2 6 responses were symmetrical, peaking at 24.2°C (95% CI: 21.9 -25.9°C) and 30.6°C (95% CI: 2 2 7 29.6 -31.4°C), respectively, while the extrinsic incubation rate thermal response was 2 2 8 asymmetrical with a peak at 36.4°C (95% CI: 33.6 -39.1°C). Applying these new trait thermal 2 2 9
responses to the R 0 (T) model [8], we found that R 0 (T) peaked at 28.9°C (95% CI: 28.1 -29.5°C), 2 3 0 with lower and upper limits of 22.7°C (95% CI: 21.0 -23.9°C) and 34.7°C (95% CI: 34.1 -2 3 1 35.8°C), respectively ( Fig 5) . The seasonal transmission of ZIKV was predicted to be more 2 3 2 constricted in latitudinal range from this temperature -transmission relationship than what has 2 3 3 been predicted previously [8], primarily because the predicted thermal minimum for ZIKV was 2 3 4 Americas for endemic (12 month, year-round suitability), and overall predicted range (1-12 2 3 6 months suitability) is 4.3 million km 2 and 6.03 million km 2 , respectively ( Fig 6) .
3 7
While there is some evidence that mosquito longevity varies for virus-exposed versus 2 3 8 control mosquitoes, where unexposed mosquitoes had shorter lifespans at near-optimal 2 3 9
temperatures (24°C and 28°C; Fig 4 and S3 ), we did not include this difference in the R 0 model 2 4 0 for two reasons. First, with limited data to parameterize the low temperature range for survival, 2 4 1 we are unable to characterize the differences in the lower end of the thermal response functions 2 4 2 in detail. Second, the standard R 0 model does not incorporate differences in survival for infected 2 4 3 versus uninfected mosquitoes because it assumes that the pathogen is rare and that all mosquitoes 2 4 4 1 4 mosquito population that was infectious. This could be due to temperature effects on mosquito 2 6 8 physiology [40] , immunity [17, [41] [42] [43] [44] , and viral binding to specific receptors in the midgut, 2 6 9 secondary tissues, and salivary glands [45] . Warmer temperatures, on the other hand, were very 2 7 0 permissive for ZIKV infection, resulting in 95% and 100% infection among surviving 2 7 1 mosquitoes at 36°C and 38°C, respectively ( Fig S2) . However, high mosquito mortality resulted 2 7 2 in an overall low proportion of the mosquito population becoming infected and infectious ( demonstrated that cooler temperatures resulted in increased susceptibility to chikungunya and 2 7 6 yellow fever virus due to impairment of the RNAi pathway. However, we only exposed adult 2 7 7 mosquitoes to varying mean temperatures, while Adelman et al. [18] looked at the carry-over 2 7 8 effects of larval rearing temperature. Both larval and adult temperature variation will likely be 2 7 9 important in the field in determining temperature effects on mosquito and pathogen traits 2 8 0 comprising arbovirus transmission. 2 8 1
We also observed an asymmetrical unimodal relationship between temperature and the 2 8 2 extrinsic incubation rate of ZIKV, with the extrinsic incubation rate optimized at 36.4°C and 2 8 3 minimized at 19.7°C and 42.5°C (based on posterior median estimates for T 0 and T m ). The effects 2 8 4 of temperature on the extrinsic incubation periods of arboviruses and other mosquito pathogens 2 8 5 have been extensively studied (dengue virus [39, 46, 47] show that the extrinsic incubation rate of ZIKV increased with warming temperatures, with no 2 8 8
infectious mosquitoes observed at 16°C after 21 days post infection and the first infectious 2 8 9 mosquito detected at day 3 post infection at 38°C. The extrinsic incubation rate was ultimately 2 9 0 constrained at the warmer temperatures due to high mosquito mortality. This is not surprising as 2 9 1 metabolic reaction rates tend to increase exponentially to an optimal temperature, then decline 2 9 2 rapidly due to protein degradation and other processes [51, 52] . 2 9 3
The optimal temperature for mosquito fitness and viral dissemination need not be 2 9 4 equivalent, and the impacts of temperature on mosquito mortality relative to the extrinsic 2 9 5 incubation rate of arboviruses can have important implications for the total proportion of the 2 9 6 mosquito population that is alive and infectious [49, 53] . In our study, mosquito lifespan was 2 9 7 optimized at 24.2°C and minimized at 11.7°C and 37.2°C, respectively (based on posterior 2 9 8 median estimates for T 0 and T m ). The non-linear relationship between metrics of mosquito 2 9 9 mortality or lifespan and temperature has also been demonstrated for Ae. aegypti [8] , Ae. 3 0 0 albopictus [8, 19] and various Anopheles spp. [20, 50] . Despite the fact that the extrinsic 3 0 1 incubation period was optimized at a warm temperature (36.4°C), the optimal temperature for 3 0 2 overall ZIKV transmission (R 0 ) was predicted to be cooler (28.9°C) because mosquitoes have a 3 0 3 significantly shortened lifespan above 32°C. In contrast, even though mosquitoes are predicted to 3 0 4 have relatively longer lifespans at cooler temperatures, the time required for mosquitoes to 3 0 5 become infectious (>21 days at 16°C and 18 days at 20°C) may be longer than most mosquitoes 3 0 6 experience in the field. As a result, large vector populations may not be sufficient for 3 0 7 transmitting the virus if viral replication is inhibited or if the lifespan of the mosquito is shorter 3 0 8 than the extrinsic incubation period [54]. One surprising result was that mosquitoes exposed to 3 0 9
ZIKV were predicted to live significantly longer at temperatures that optimized mosquito 3 1 0 survival as compared to unexposed mosquitoes (37 vs. 87 days at 24°C; 45 vs. 54 days at 28°C). 3 1 1
Additionally, the temperature that optimizes mosquito lifespan might also vary between ZIKV 3 1 2 exposed mosquitoes (24°C) and their uninfected counterparts (28°C). If similar trends hold for 3 1 3 other arbovirus systems, current modeling efforts may be underestimating virus transmission 3 1 4 potential under certain environmental scenarios. If a survival benefit of virus exposure regularly 3 1 5 occurs at optimal temperatures across arbovirus systems, estimating mosquito mortality in the 3 1 6 field for mosquitoes of different infection statuses and the physiological underpinnings of this 3 1 7 response are important areas for future research. 3 1 8
After incorporating the relationships between temperature and vector competence, the 3 1 9 extrinsic incubation rate, and mosquito lifespan into a mechanistic model, we demonstrated that 3 2 0 ZIKV transmission is optimized at a mean temperature of approximately 29°C, and has a thermal 3 2 1 range of 22.7°C to 34.7°C. Because this relationship is nonlinear and unimodal, we can expect as 3 2 2 temperatures move toward the thermal optimum due to future climate change or increasing 3 2 3 urbanization [55], environmental suitability for ZIKV transmission should increase, potentially 3 2 4 resulting in expansion of ZIKV further north and into longer seasons. There is evidence that this 3 2 5 is already occurring with warming at high elevations in the Ethiopian and Columbian highlands 3 2 6 leading to increased incidence of malaria [15] . In contrast, in areas that are already permissive 3 2 7 and near the thermal optimum for ZIKV transmission, future warming and urbanization may lead 3 2 8 to decreases in overall environmental suitability [23] . Accurately estimating the optimal 3 2 9 temperature for transmission is thus paramount for predicting where climate warming will 3 3 0 expand, contract, or shift transmission potential. 3 3 1
By using a mechanistic model originally parameterized for DENV, we also explored a 3 3 2 common assumption made by multiple models that DENV transmission has a similar 3 3 3 relationship with temperature as ZIKV [6] [7] [8] [9] . While the temperature optimum and maximum for 3 3 4 R 0 changed very little from our previous DENV R 0 model, the temperature minimum for 3 3 5 transmission increased by nearly five degrees in the updated model ( Fig S5) . This is mainly due 3 3 6 to a higher thermal minimum for both vector competence and the extrinsic incubation rate for 3 3 7
ZIKV as compared to DENV (Fig S5 [8] ). Differences in the thermal niche of ZIKV relative to 3 3 8 DENV or our field derived Ae. aegypti relative to those populations assessed in Mordecai et al. 3 3 9
[8] could explain this different. There is evidence in a range of invertebrate-pathogen systems 3 4 0 (spanning fruit flies, Daphnia pea aphids, and mosquitoes) that the effects of environmental 3 4 1 variation on disease transmission are often modified by the genetic background of the host and 3 4 2 infecting pathogen [38, [56] [57] [58] [59] [60] [61] . Thus, more work is required to validate the generalizability of 3 4 3 these models. 3 4 4
Our mapped seasonal ranges underscore the impact of a more refined empirical 3 4 5 derivation of a pathogen-specific temperature dependent R 0 , contrasted with the Aedes aegypti 3 4 6 dengue prediction of previous studies [6] [7] [8] . The higher predicted thermal minimum for ZIKV 3 4 7 resulted in a contraction in the areas of the Americas where year-round, endemic transmission 3 4 8 suitability (12 months only) are predicted to occur. This area corresponds to a change of 3 4 9 approximately 4.3 million km 2 in land area (Fig 6) . Additionally, this higher thermal minimum 3 5 0 contributes to a reduction in the overall estimated suitability for ZIKV transmission (all 1-12 3 5 1 months of transmission) resulting in an estimated difference of 6.03 million km 2 . In particular, in 3 5 2 the Florida peninsula where the primary focus of ZIKV cases within the U.S. occurred, our 3 5 3 updated model (the median model -50 th percentile posterior) now predicts only around six 3 5 4 months of temperature suitability during the year (Fig 6) vs. almost year-round as predicted by a 3 5 5 previous temperature-dependent Ro model parameterized on the Ae. aegypti-DENV system [8] . This contrast in seasonal suitability where ZIKV established in the USA is striking, and 3 5 7 emphasizes the value of increasing empirical data and reexamining these types of model, as the 3 5 8 capacity to do so becomes possible, in the face of an emerging epidemic. 3 5 9 biting mosquitoes. However, this is a fundamental first step for empirically defining and 3 7 1 validating current models on the environmental suitability for ZIKV transmission, in which 3 7 2 temperature will be a strong driver. Understanding the unimodal effect of temperature on 3 7 3 emerging arboviruses, like ZIKV, will contribute to accurate predictions about how future land 3 7 4 use and climate change could modify arbovirus emergence and transmission through shifts in 3 7 5 mosquito microclimate. R 0 models have been used as a tool to guide vector-borne disease 3 7 6
interventions, and is a comprehensive metric of pathogen fitness. We anticipate, as with other 3 7 7
vector-borne diseases [8, 20, 33] , that environmental suitability for ZIKV transmission could 3 7 8 expand northwards with future warming, but will be more constrained at low temperatures than 3 7 9 DENV. We also predict areas that are already at or near the thermal optimum of 29°C to 3 8 0 experience a decrease in environmental suitability for ZIKV transmission [20, 23] 7917. ES.2016 .2821 .2820 .30234. (doi:10.2807 /1560 -7917.ES.2016 . immune pathways that limit Chikungunya virus replication. PLoS Negl Trop Dis 8(7) , e2994. 5 2 7
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Global transcriptome analysis of Aedes aegypti mosquitoes in response to Zika virus infection. Table 1 . Results from generalized linear mixed effects models examining the effects of 6 0 0 temperature, day, and the interaction on the numbers (out of total exposed) of mosquitoes 6 0 1 infected, with disseminated infections, infectiousness, and a measure of dissemination efficiency. 
